In the recent X-ray crystallographic structural models of photosystem II, Glu354 of the CP43 polypeptide is assigned as a ligand of the O 2 -evolving Mn 4 Ca cluster. In this communication, a preliminary characterization of the CP43-Glu354Gln mutant of the cyanobacterium Synechocystis sp. PCC 6803 is presented. The steady-state rate of O 2 evolution in the mutant cells is only approximately 20% compared with the wild-type, but the kinetics of O 2 release are essentially unchanged and the O 2 -flash yields show normal period-four oscillations, albeit with lower overall intensity. Purified PSII particles exhibit an essentially normal S 2 state multiline electron paramagnetic resonance (EPR) signal, but exhibit a substantially altered S 2 -minus-S 1 Fourier transform infrared (FTIR) difference spectrum. The intensities of the mutant EPR and FTIR difference spectra (above 75% compared with wild-type) are much greater than the O 2 signals and suggest that CP43-Glu354Gln PSII reaction centres are heterogeneous, with a minority fraction able to evolve O 2 with normal O 2 release kinetics and a majority fraction unable to advance beyond the S 2 or S 3 states. The S 2 -minus-S 1 FTIR difference spectrum of CP43-Glu354Gln PSII particles is altered in both the symmetric and asymmetric carboxylate stretching regions, implying either that CP43-Glu354 is exquisitely sensitive to the increased charge that develops on the Mn 4 Ca cluster during the S 1 /S 2 transition or that the CP43-Glu354Gln mutation changes the distribution of Mn(III ) and Mn(IV ) oxidation states within the Mn 4 Ca cluster in the S 1 and/or S 2 states.
INTRODUCTION
The catalytic site of water oxidation in photosystem II (PSII ) contains a cluster of four Mn ions and one Ca ion. The Mn ions accumulate oxidizing equivalents in response to light-induced electron transfer reactions within PSII and serve as the interface between oneelectron photochemistry and the four-electron process of water oxidation (for reviews, see Goussias et al. (2002) , Sauer & Yachandra (2004) , Hillier & Messinger (2005) and ). During each catalytic cycle, the Mn 4 Ca cluster cycles through five oxidation states termed S n , where 'n'denotes the number of oxidizing equivalents that have been stored (nZ0-4). The S 1 state predominates in darkadapted samples. Most interpretations of Mn X-ray absorption near edge structure (XANES) data have concluded that the S 1 state consists of two Mn(III) and two Mn(IV) ions and that the S 2 state consists of one Mn(III) and three Mn(IV) ions (for review, see Sauer et al. (2005) and Yachandra (2005) ).
The amino acid residues that ligate the Mn 4 Ca cluster are provided mainly by the D1 polypeptide, one of the core subunits of PSII. One exception is Glu354 of the CP43 polypeptide. 1 In the current approximately 3.5 Å structural model ( Ferreira et al. 2004) , this residue is a bidentate ligand of a single Mn ion. In the current approximately 3.0 Å structural model (Loll et al. 2005) , this residue bridges two Mn ions, including the Mn ion that is ligated (in this model) by the a-COO K group of D1-Ala344. The differences between the two structural models are probably caused by differences in data quality, extent of radiation damage and approach to interpreting the electron density. A recent polarized X-ray absorption fine structure (EXAFS) study of PSII single crystals (conducted with X-ray doses below the thresholds that cause radiation-induced reduction of the cluster's Mn(III )/Mn(IV ) ions) provides compelling evidence that the structure of the native Mn 4 Ca cluster differs significantly from the structures that are depicted in the approximately 3.5 and approximately 3.0 Å structural models ( Yano et al. 2006) . This study confirms earlier XANES and EXAFS studies of PSII single crystals and PSII membrane multilayers (Grabolle et al. 2006 ) that provided compelling evidence that the X-ray doses that were used to irradiate the PSII crystals in the crystallographic studies would have rapidly reduced the Mn 4 Ca cluster's Mn(III/IV ) ions to their fully reduced Mn(II ) states and significantly perturbed the structure of the Mn 4 Ca cluster by disrupting m-oxo bridges and altering Mnligand interactions Grabolle et al. 2006) . Consequently, the ligation environment of the native Mn 4 Ca cluster may differ in important respects from the ligation environments that are depicted in approximately 3.5 and approximately 3.0 Å structural models.
Fourier transform infrared (FTIR) difference spectroscopy is an extremely sensitive tool for characterizing dynamic structural changes that occur during an enzyme's catalytic cycle, such as changes in molecular interactions, protonation states, bonding (including changes in metal coordination and hydrogen bonding), bond strengths and protein backbone conformations (Mäntele 1996; Barth & Zscherp 2002; Barth 2007) . PSII contains an extensive array of vibrational modes that undergo shifts in frequency during the individual S-state transitions. Many of these shifts produce strikingly large features in specific S nC1 -minus-S n FTIR difference spectra, and many are clearly attributable to frequency shifts of carboxylate residues (for review, see Chu et al. (2001) , Noguchi & Berthomieu (2005) and Noguchi (2007, in press) ). The identification of these modes will complement X-ray crystallographic studies by providing information about the dynamic structural changes that accompany water oxidation and by helping to identify the specific Mn ion(s) that undergo oxidation during each S-state transition and the amino acid residues that facilitate the oxidation of Mn 4 Ca cluster or that participate in proton transfer pathways leading from the Mn 4 Ca cluster to the thylakoid lumen.
Attempts to identify specific modes in the FTIR difference spectra of PSII have focused on D1-Asp170 , D1-Glu189 (Kimura et al. 2005b; Strickler et al. 2006) , D1-Asp342 (Strickler et al. 2007) and the a-COO K group of D1-Ala344 (Chu et al. 2004; Mizusawa et al. 2004a,b; Kimura et al. 2005c; Strickler et al. 2005) . On the basis of isotopic labelling conducted with L-[1-
13 C]alanine, the symmetric carboxylate stretching (n sym (COO K )) mode of the a-COO K group of D1-Ala344 was identified in the S 2-minus-S 1 FTIR difference spectrum of wild-type PSII particles (Chu et al. 2004; Kimura et al. 2005c; Strickler et al. 2005) . The frequency of the n sym (COO K ) mode of D1-Ala344 in the S 1 state and its approximately 17 or approximately 36 cm K1 downshift in the S 2 state imply that this group is a unidentate ligand of a metal ion whose charge increases during the S 1 /S 2 transition (Chu et al. 2004; Kimura et al. 2005c; Strickler et al. 2005) . To determine whether the a-COO K group of D1-Ala344 ligates Mn or Ca, wild-type cells of Synechocystis sp. PCC 6803 were propagated in the presence of both Sr and either [1K 13 C]alanine or unlabelled alanine . The substitution of Sr for Ca significantly alters several symmetric and asymmetric carboxylate stretching modes (Kimura et al. 2005a; Strickler et al. 2005; Suzuki et al. 2006) , including some that may correspond to one or more metal ligands, but importantly does not alter the n sym (COO K ) mode of the a-COO K group of D1-Ala344 . Because it seems highly improbable that the structural perturbations of the Mn 4 Ca cluster that are induced by substituting Sr for Ca (including the perturbation of multiple carboxylate groups) would not also alter the n sym (COO K ) mode of a carboxylate residue that directly coordinates the Ca ion, it was concluded that D1-Ala344 ligates Mn rather than Ca .
2 The downshift of the n sym (COO K ) mode of D1-Ala344 that occurs during the S 1 /S 2 transition is reversed during the S 3 /S 0 transition (Kimura et al. 2005c; Debus in press) .
Subsequent studies have shown that neither D1-Asp170 , nor D1-Glu189 (Strickler et al. 2006) , nor D1-Asp342 (Strickler et al. 2007 ) is sensitive to the oxidation of the Mn 4 Ca cluster during the S 0 /S 1 , S 1 /S 2 or S 2 /S 3 transitions. Two interpretations have been advanced to account for the insensitivity of these three amino acid residues to these three S-state transitions. One interpretation is that the increased charge that develops on the Mn 4 Ca cluster during the S 1 /S 2 transition is localized to the Mn ion that is coordinated by the a-COO K group of D1-Ala344, and that any increase in charge that develops on the Mn 4 Ca cluster during the S 0 /S 1 and S 2 /S 3 transitions is localized on the one Mn ion that is not ligated by D1-Asp170, D1-Glu189, D1-Asp342 or D1-Ala344 in either structural model (Strickler et al. 2006 (Strickler et al. , 2007 . In both structural models (Ferreira et al. 2004; Loll et al. 2005) , this one Mn ion is ligated by Glu354 of the CP43 polypeptide. A second interpretation is that the carboxylate ligands of the Mn 4 Ca cluster are mostly insensitive to changes in the formal oxidation states of the individual Mn ions (McEvoy et al. 2005; Sproviero et al. 2006) . This situation might arise if the S-state transitions cause little increase in the electrostatic charge of the individual Mn ions, a prediction that was obtained from a QM/MM analysis of the approximately 3.5 Å X-ray crystallographic structural model (Sproviero et al. 2006 To distinguish between these two explanations, we have begun a characterization of the mutants CP43-Glu354Gln and CP43-Glu354Asp. In this communication, we report a preliminary characterization of the CP43-Glu354Gln mutant. We find that CP43-Glu354 interacts with the Mn 4 Ca cluster with sufficient strength so that either its carboxylate stretching modes are exquisitely sensitive to the S 1 /S 2 transition or that the CP43-Glu354Gln mutation changes the distribution of Mn(III) and Mn(IV ) oxidation states within the Mn 4 Ca cluster in the S 1 and/or S 2 states.
MATERIAL AND METHODS
(a) Construction of mutant and propagation of cultures The CP43-Glu354Gln mutation was constructed in the psbC gene of Synechocystis sp. PCC 6803 and transformed into a host strain of Synechocystis that lacks the large extrinsic loop of CP43 and contains a hexahistidine tag (His-tag) fused to the C-terminus of CP47 (the cloned psbC gene was the kind gift of W. F. J. Vermaas (Arizona State University)); our strategy for introducing mutations into the large extrinsic loop of CP43 is similar to that described by Goldfarb et al. (1997) ; the addition of a His-tag to CP47 has been described previously ( Debus et al. 2001) . The wild-type strain (WT-CP43) employed for the FTIR experiments of figure 4 was constructed in an identical manner as the CP43-Glu354Gln mutant strain except that the transforming plasmid carried no site-directed mutations. Single colonies were selected for ability to grow on solid media containing 5 mg ml K1 kanamycin monosulphate. Solid media contained 5 mM glucose and 10 mM DCMU. The DCMU and antibiotic were omitted from the liquid cultures. Large-scale liquid cultures (3!7 l) were propagated as described previously (Strickler et al. 2007) . To verify the integrity of the mutant cultures that were harvested for the purification of thylakoid membranes and PSII particles, an aliquot of each culture was set aside and the sequence of the portion of the psbC gene that encodes the large extrinsic loop of CP43 was obtained after PCR amplification of genomic DNA (Chu et al. 1994) . No trace of the wild-type codon was detected in any of the mutant cultures.
(b) Purification of thylakoid membranes Thylakoid membranes were isolated under dim green light at 48C following the procedure of Tang & Diner (1994) , as modified by Strickler et al. (2005) . Harvested cells were concentrated and suspended in a buffer containing 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 5 mM CaCl 2 , 5 mM MgCl 2 , 1 mM benzamidine, 1 mM 3-amino-n-caproic acid, 1 mM phenylmethylsulphonyl fluoride and 0.05 mg ml K1 DNase I, and then broken by nine cycles of (5 s on/15 min off ) in a glass bead homogenizer (Bead-Beater, BioSpec Products, Bartlesville, OK). After separation of unbroken cells and debris by centrifugation, the resulting thylakoid membranes were concentrated by centrifugation (20 min at 40 000g in a Beckman Ti45 rotor) and suspended to a concentration of 1.0-1.5 mg of Chl ml K1 in a buffer containing 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl 2 and 5 mM MgCl 2 . The concentrated thylakoid membranes were either flash-frozen as 1 ml aliquots in liquid nitrogen and stored at K808C, or used immediately for the purification of PSII particles.
(c) Purification of PSII particles Isolated PSII particles were purified under dim green light at 48C with Ni-NTA superflow affinity resin (Qiagen, Valentia, CA) as described previously . The purification buffer consisted of 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl 2 , 5 mM MgCl 2 , 50 mM histidine, 1 mM EDTA and 0.03% (w/v) n-dodecyl b-D-maltoside. The purified PSII particles were concentrated to approximately 1.0 mg of Chl ml K1 by ultrafiltration, frozen in liquid N 2 and stored at K1968C (vapour phase nitrogen).
(d) Flash O 2 yield and kinetic measurements Measurements were performed with a bare platinum electrode that permits the centrifugal deposition of samples onto the electrode surface (Burnap et al. 1996) . Thylakoid membranes were concentrated by centrifugation and suspended at approximately 0.8 mg of Chl ml K1 in 50 mM HEPES-NaOH (pH 7.2), 5 mM CaCl 2 , 10 mM MgCl 2 and 1 M sucrose (Qian et al. 1999) . For each measurement, 3.2 mg of Chl were centrifugally deposited at 18 000g for 10 min onto the platinum surface of the electrode in a Sorvall HB-4 swing-out rotor. Samples were dark adapted for 10 min prior to the initiation of the flash sequence. Polarization of the electrode (0.73 V ) was initiated 10 s before the initiation of data acquisition and the flash sequence (15 flashes at a frequency of 4 Hz) was initiated 333 ms after that. Analysis of S-state parameters was performed according to Lavorel (1976) and Meunier et al. (1995) .
(e) Electron paramagnetic resonance(EPR) measurements Continuous-wave EPR spectra were recorded with a Varian E-109 system, a standard TE102 cavity and a Heli-tran liquid helium cryostat (Air Products, Allentown, PA). Sample manipulations were conducted under dim green light at 48C. The samples were concentrated to 9-11 mg of Chl ml
K1
with Centricon-100 concentrators (Millipore Corp., Bedford, MA), transferred to Mylar sample holders, extensively dark adapted, and then frozen in liquid nitrogen. The S 2 state was generated by illuminating samples for 5 min in a non-silvered Dewar at 198 K (dry ice/ethanol) with a focused, heatfiltered, 350 W Radiac light source. The samples were then immediately frozen in liquid nitrogen.
(f ) Preparation of FTIR samples All manipulations were conducted under dim green light at 48C. Samples were exchanged into FTIR analysis buffer (40 mM sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl 2 , 5 mM NaCl and 0.06% (w/v) n-dodecyl b-D-maltoside; Yamanari et al. 2004; Debus et al. 2005 ) by passage through a centrifugal gel filtration column (Strickler et al. 2006) . Concentrated samples (approx. 10 ml in volume) were mixed with 1/10 volume of fresh 100 mM potassium ferricyanide (dissolved in water), spread to a diameter of approximately 10 mm on a 15 mm diameter BaF 2 window, and then dried lightly (until tacky) under a stream of dry nitrogen gas. To maintain the humidity of the sample in the FTIR cryostat at 99% RH, 1 ml of 20% (v/v) glycerol (in water) was spotted onto the window, adjacent to the sample, but not touching it ( Noguchi & Sugiura 2002) . A second IR window with a Teflon spacer (0.5 mm thick) was placed over the first and sealed in place with silicon-free highvacuum grease. The sample was loaded immediately into the FTIR cryostat at 273.0 K and allowed to equilibrate in darkness for 2 hours. Sample concentrations and thicknesses were adjusted so that the absolute absorbance of the amide I band at 1657 cm K1 was 0.7-1.1.
(g) Measurement of FTIR spectra Mid-frequency FTIR spectra were recorded with a Bruker Equinox 55 spectrometer (Bruker Optics, Billerica, MA) at a spectral resolution of 4 cm K1 as described previously Strickler et al. 2006 Strickler et al. , 2007 . Flash illumination (approx. 20 mJ per flash, approx. 7 ns fwhm) was provided by a frequency-doubled Q-switched Nd:YAG laser (Surelite I; Continuum, Santa Clara, CA). After dark adaptation, one pre-flash was applied followed by 5 min of additional dark adaptation. This treatment was employed to oxidize Y D and to maximize the proportion of centres in the S 1 state. Six successive flashes were then applied with an interval of 12.2 s between each. Two single-beam spectra were recorded before the first flash and one single-beam spectrum was recorded starting at 0.33 s after the first and subsequent flashes (each single-beam spectrum consisted of 100 scans). The 0.33 s delay was incorporated to allow for the oxidation of Q ,K
A by the ferricyanide. The difference spectra corresponding to the S 1 /S 2 transition was obtained by dividing the single-beam spectrum that was recorded after the first flash by the singlebeam spectrum that was recorded immediately before the first flash and the ratio was converted to units of absorption. The sample was dark adapted for 30 min and then the entire cycle was repeated, including the pre-flash and the 5 min additional dark-adaptation period. The entire cycle was repeated 12 times for each wild-type sample and 4-10 times for each CP43-Glu354Gln sample. To improve the signal-to-noise ratio, the difference spectra recorded with multiple samples were averaged.
(h) Other procedures Chlorophyll concentrations and light-saturated steady-state rates of O 2 evolution were measured as described previously (Chu et al. 2004 ). K1 h K1 for wild-type PSII particles. The lower activity of the purified PSII particles (10-18% compared with wild-type) suggests that the Mn 4 Ca cluster in the CP43-Glu354Gln mutant may be somewhat labile.
RESULTS
The O 2 yield that is produced by each of a series of saturating single-turnover flashes provides a measure of the efficiency of the individual S-state transitions in samples that evolve O 2 . The pattern of O 2 -flash yields in CP43-Glu354Gln thylakoid membranes (figure 1) shows the same period-four oscillations that are observed in wild-type membranes, although the amplitudes are much smaller, consistent with the lower steady-state rates of O 2 evolution observed in the mutant cells and PSII particles. Our initial analysis of these data indicates that the miss factor (a) and dark distribution of S states are virtually the same in the mutant as in the wild-type control. The kinetics of O 2 release in CP43-Glu354Gln thylakoid membranes in comparison with wild-type is presented in figure 2 . Our initial analysis of these data shows that the kinetics of O 2 release are virtually the same in the mutant as in the wild-type control.
Light-minus-dark S 2 state multiline EPR spectra of CP43-Glu354Gln and wild-type PSII particles are compared in figure 3 . The hyperfine splittings of the wild-type and mutant spectra are similar. The amplitudes of the spectra are roughly similar, although uncertainty in the Chl concentrations of the concentrated EPR samples precluded accurate quantitation.
The mid-frequency S 2 -minus-S 1 FTIR difference spectra of CP43-Glu354Gln and wild-type PSII particles are compared in figure 4 . 4 When the amplitudes of the spectra are normalized to the extent of flash-induced charge separation (accomplished by normalizing the mutant and wild-type spectra to the peak-to-peak amplitudes of the negative ferricyanide peak at 2115 cm K1 and the positive ferrocyanide peak at 2038 cm K1 ), the amplitude of the S 2 -minus-S 1 FTIR difference spectrum in the mutant was found to be approximately 75% of that of the wild-type, consistent with the approximately similar amplitudes of the lightinduced S 2 state multiline EPR signals in the mutant and wild-type PSII particles. Therefore, to facilitate comparison of the mutant and wild-type spectra in figure 4 , the amplitude of the mutant spectrum was multiplied by a factor of 1.3. Although numerous features in the mutant spectrum resemble those in the wild-type, the mutant spectrum differs significantly from that of the wild-type in both the asymmetric carboxylate stretching (n asym (COO K )) region and the symmetric carboxylate stretching (n sym (COO K )) region (the former region overlaps with the amide I and amide II regions). To isolate the altered modes and display them more clearly, the wild-type-minus-mutant double-difference spectrum is presented in figure 4 (lower trace). The main features in this spectrum are positive peaks at 1588, 1505, 1429, 1362 and 1334 cm K1 , and negative peaks at 1677, 1665, 1656, 1640, 1556, 1542, 1520, 1378 and 1351 cm K1 . These data show that one or more n sym (COO K ) and n asym (COO K ) modes may be absent or shifted in the mutant PSII particles. However, the large number of features in the amide I and amide II regions of the double-difference spectrum indicates that the CP43-Glu354Gln mutation may also perturb the polypeptide backbone in the vicinity of the Mn 4 Ca cluster to a much larger extent than other mutations, such as D1-Asp170His , D1-Glu189Gln ( Kimura et al. 2005b; Strickler et al. 2006) , D1-Glu189Arg (Strickler et al. 2006) , D1-Asp342Asn (Strickler et al. 2007) or D1-Ala344Gly (Chu et al. 2004; Mizusawa et al. 2004a,b) .
DISCUSSION
Our observation that CP43-Glu354Gln thylakoid membranes exhibit normal O 2 -release kinetics and normal period-four oscillations of O 2 -flash yields shows that, in at least a fraction of CP43-Glu354Gln PSII reaction centres, the S-state transitions are not blocked. The diminished O 2 yield after each flash correlates with the overall lower steady-state O 2 -evolving activity of CP43-Glu354Gln cells. On the basis of the relative amplitudes of the wild-type and mutant S 2 -minus-S 1 FTIR difference spectra, we estimate that approximately 75% of the purified CP43-Glu354Gln PSII particles contain Mn 4 Ca clusters. This estimate is consistent with our EPR data. Although we were unable to accurately quantify the amplitudes of the S 2 state multiline EPR spectra, the approximately similar amplitudes of this spectrum in the wild-type and mutant samples imply that most of CP43-Glu354Gln PSII particles contain assembled Mn 4 Ca clusters. Because the intensities of the mutant EPR and FTIR difference spectra are much larger compared with wildtype than the amplitudes of the O 2 -flash yields, we conclude that the CP43-Glu354Gln PSII reaction centres that contain Mn 4 Ca clusters are heterogeneous, with a minority fraction able to evolve O 2 with normal O 2 -release kinetics and a majority fraction capable of exhibiting S 2 state EPR and FTIR spectra, but unable to advance beyond the S 2 or S 3 states.
Unlike previously examined mutations constructed at D1-Asp170, D1-Glu189, D1-Asp342 and D1-Ala344, the CP43-Glu354Gln mutation causes substantial alterations in both the n asym (COO K ) and n sym (COO K ) regions of the S 2 -minus-S 1 FTIR difference spectrum. One of the most dramatic alterations is the complete elimination of the 1588(C) cm K1 band. This band has been assigned (Noguchi et al. 1995; Taguchi & Noguchi 2007) to the n asym (COO K ) mode of a carboxylate residue that bridges between Mn and Ca or between two Mn ions (but see below). Because the n asym (COO K ) region overlaps the amide I and amide II regions, some of the observed spectral alterations in the n asym (COO K )
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wild-type 2500 3500 magnetic field (G) 3000 4000 dc ′′/ dB features in the double-difference spectrum correspond to the n asym (COO K ) mode of CP43-Glu354 in the S 2 and S 1 states, respectively, and that the 1362(C) and 1378(K) cm K1 features correspond to the n sym (COO K ) mode of CP43-Glu354 in the S 2 and S 1 states, respectively. If so, then the frequency difference between the n asym (COO K ) and n sym ( Figure 4 . Comparison of the mid-frequency S 2 -minus-S 1 FTIR difference spectra (upper traces) of CP43-Glu354Gln (solid lines) and WT-CP43 (dashed lines) PSII particles. The wild-type spectrum represents the average of 10 800 scans. The CP43-Glu354Gln spectrum represents the average of 31 500 scans. To facilitate comparison, the CP43-Glu354Gln spectrum was multiplied vertically by a factor of 1.3 after normalization of the wild-type and mutant spectra to the peak-to-peak amplitudes of the negative ferricyanide peak at 2115 cm K1 and the positive ferrocyanide peak at 2038 cm K1 . A wild-type-minus-mutant double-difference spectrum (lower trace) was calculated by directly subtracting the S 2 -minus-S 1 FTIR difference spectra shown in the upper traces. The horizontal dashed line indicates the zero level.
two metal ions in the S 1 state to a unidentate ligand of a single metal ion in the S 2 state (Deacon & Phillips 1980; Nara et al. 1996; Nakamoto 1997) .
However, the large number of features in the n sym (COO K ) region of the double-difference spectrum precludes a definite assignment of specific features to CP43-Glu354 at this time. Other interpretations are possible. For example, the structural perturbations introduced by the CP43-Glu354Gln mutation are sufficient to alter numerous amide I and amide II bands. These structural perturbations and/or the loss of the charge of CP43-Glu354 may be sufficient to change the Mn oxidation sequence such that an entirely different Mn ion undergoes oxidation during the S 1 /S 2 transition in mutant and wild-type PSII centres. Indeed, preliminary experiments conducted with [1K 13 C]alanine (M.A. Strickler et al. unpublished data) suggest that the Mn ion that is ligated by the a-COO K group of D1-Ala344 does not undergo oxidation during the S 1 /S 2 transition in CP43-Glu354Gln PSII particles. The 1351(K) and 1334(C) cm K1 features in the double-difference spectrum of figure 4 may reflect the insensitivity of D1-Ala344 to the Mn oxidation that occurs during the S 1 /S 2 transition in this mutant. If the CP43-Glu354Gln mutation induces a different Mn ion to undergo oxidation during the S 1 /S 2 transition, then many of the features that differ between the wild-type and mutant S 2 -minus-S 1 FTIR difference spectra could reflect a difference in the distribution of Mn(III) and Mn(IV ) oxidation states within the Mn 4 Ca cluster in the S 1 and/or S 2 states. Consequently, without the examination of additional mutants, we cannot exclude the possibility that features in the double-difference spectrum, such as the 1588(C) cm K1 band, correspond to the n asym (COO K ) or n asym (COO K ) modes of carboxylate groups other than CP43-Glu354. Nevertheless, we can conclude that CP43-Glu354 interacts with the Mn 4 Ca cluster with sufficient strength that either its n asym (COO K ) or n asym (COO K ) modes are present in the S 2 -minus-S 1 FTIR difference spectrum of wild-type PSII particles (and are absent in the mutant PSII particles) or that the CP43-Glu354Gln mutation induces a redox isomerization of the Mn ions of the Mn 4 Ca cluster.
One aspect of the mutant S 2 -minus-S 1 FTIR difference spectrum is clear: the large positive feature at 1588 cm K1 is eliminated, yet the negative feature at 1400 cm K1 is unchanged. This observation is difficult to reconcile with an assignment of these two modes to a single Mn-Mn or Mn-Ca bridging carboxylate group that has its n asym (COO K ) mode at approximately 1587 cm K1 in the S 2 state and its n sym (COO K ) mode at approximately 1403 cm K1 in the S 1 state. This assignment has been proposed on the basis of analyses of Ca-depleted PSII preparations (Noguchi et al. 1995; Taguchi & Noguchi 2007) . However, the S 2 -minus-S 1 FTIR difference spectrum is altered far more substantially by Ca depletion than by the CP43-Glu354Gln mutation. We propose that substantially more amino acid residues in the environment of the Mn 4 Ca cluster are perturbed by the depletion of Ca than by the substitution of CP43-Glu354 by Gln and that the 1588(C) and 1400(K) cm K1 features in the S 2 -minus-S 1 FTIR difference spectrum of wild-type PSII particles correspond to different carboxylate groups. spectra. The lack of alterations implies either that the charge that is produced during the S 1 /S 2 transition is localized to the Mn ion that is ligated by D1-Ala344 or that the charge is sufficiently delocalized that most residues are insensitive to its formation. The downshift of the symmetric carboxylate stretching mode of D1-Ala344 during the S 1 /S 2 transition may be caused by something other than the increased charge on the cluster, as you have suggested previously. F. Manedov (Molecular Biomimetics, Department of Photochemistry and Molecular Science, Uppsala University, Uppsala, Sweden). In some mutants used in this study, part of the PSII centres lack the Mn cluster. Could these Mn-depleted centres contribute to the FTIR difference spectra and to what extent? R. J. Debus. It is true that, in many mutants, a significant fraction of PSII centres lack the Mn cluster. In some of these mutants, the presence of Mn-depleted centres causes the S 2 -minus-S 1 FTIR difference spectrum to contain contributions from Y Z , KY Z or Y D , KY D depending on temperature and illumination conditions. However, these contributions can be identified and removed by a relatively simple subtraction procedure. The S 2 -minus-S 1 FTIR difference spectrum of the CP43-Glu354Gln mutant appears to contain no contribution from either tyrosyl radicals. H. Dau (FB Physik, Freie University, Berlin, Germany). For several mutations of putative Mn ligands, you have observed, when comparing wild-type and mutant PSII, only small changes in the FTIR difference spectra of the four transitions between semi-stable S states; these changes were of similar magnitude as changes caused by different buffer conditions (Strickler et al. 2007) . Therefore, you have proposed that secondary structural perturbations unrelated to amino acid ligands of the Mn complex may give rise to such small-amplitude contributions to the FTIR difference spectra. Can you suggest an explanation why the bands related to, for example, remote carboxylate are all of smaller amplitude than the bands which are assignable to carboxylates of the Mn-ligand environment? R. J. Debus. A mutation-induced shift of a vibrational mode should have the same appearance in a specific S nC1 -minus-S n FTIR difference spectrum irrespective of the mutated residue's distance from the Mn 4 Ca cluster. Our point is that great care must be taken in interpreting small changes in the FTIR difference spectra of proteins that contain site-directed mutations. Any site-directed mutation in PSII will introduce a myriad of subtle changes to hydrogen bonds, peptide bond conformations and long-range electrostatic interactions, irrespective of whether the mutated residue ligates the Mn 4 Ca cluster or not. These small structural perturbations can be transmitted to residues whose vibrational modes change during specific S-state transitions, causing subtle changes to the absolute absorption spectra of these residues. Such subtle changes to absolute absorption spectra would likely give rise to small changes in S nC1 -minus-S n FTIR difference spectra. In contrast, a mutation-induced elimination of a vibrational mode that shifts during an Sstate transition should be as obvious in a difference spectrum as the [1K 13 C]alanine-induced shift of the n sym (COO K ) mode of D1-Ala344.
